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Abstract

We show the dielectrophoretic actuation of single-crystamond nanomechanical devices
using gradient radio-frequency electromagnetic forcesthBantilever and doubly clamped
beams, fabricated using our angled-etching fabricatiohrtigue! are demonstrated, with op-
eration frequencies ranging from a few MHz4A&0 MHz. Frequency tuning and parametric

actuation are also studied.

Owing to its large Young’ modulus, excellent thermal prdigs; small thermo-elastic dissi-
pation,single-crystal diamond is an ideal candidate for realization of high-fieaey ¢) and high
guality factor Q) nanoscale mechanical resonators. These devices areeggshfor realization
of stable, highf - Q product, RF oscillators and inertial sensing applicatidfecently, diamond
nanomechanical resonators embedded with luminescertaliys defects (color centers), have

also been explored as a promising platform for applicatiorguantum information science and
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technology (QIST) Of these, negatively charged nitrogen-vacancy ())\¢olor center is of par-
ticular interest since it can be used as a spin-qubit witicajptead-out. Importantly, NV electron
spin state can have long coherence times (millisecdreln at room temperature and it can be
prepared and manipulated using microwave and radio frexy @) fields to drive transitions be-
tween these electron and nuclear spin suble¥élRecently, it has been proposed that strain-fields
can also be used to manipulate the spin-state ofRWhich resulted in renewed interest of QIST
community in single-crystal diamond micro-electromedbabhsystems (MEMSY%12 For exam-
ple, coupling between an NVcenter and a mechanical resonator could enable high figdelitirol
of NV~ spin state via rapid adiabatic passafend potentially the remote coupling of NV cen-
ters via mechanicd.Furthermore, mechanical resonators may enable coherapting between
dissimilar systems with degrees of freedom possessingatieatly different properties and en-
ergy scales. To realize such systems, it is essential t@eela reliable method for controlling
and reading the dynamic action of monolithic single-crydtamond mechanical resonators. To
date, only a few reports have demonstrated mechanicalatssrfabricated in single-crystal dia-
mond 1318 with recent results demonstrating the coupling of Naénters to bulk phonon modés
and micron-scale mechanical resonattrs? Furthermore, the only true actuator realized in single-
crystal diamond relied on heavily boron doped substratesdar to achieve electrostatic actuation
for switching applicationg3'4 Such schemes are not easily applied in QIST applicatiorssin
doping inevitably compromises the diamond material priogeand stability of color centers.
Dielectrophoretic actuatidfi has recently been used to actuate and transduce motion of na-
noelectromechanical systems (NEMS) and applied to achimahanical resonance tunid§and
coherent control of classical mechanical resonatbrss well as to study cavity electromechan-
ics,22 and nonlinear mechani@s.In our approach, single-crystal diamond cantilevers (Féd(a))
and doubly clamped nanobeams (Figlife)) are placed between metal electrodes and are driven
by fringing radio-frequency (RF) field (Figudgc)) with frequency resonant with mechanical res-
onance of the devices. Our numerical modeling indicateskéeping small vertical distance from

electrodes to nanobeam is of crucial importance for efft@etuation (Figurd(d)).



In contrast to capacitive and piezo-electric actuationragghes, that may require coating or
doping of diamond nanomechanical structure, gradient Réefdoes not require any modification
to the mechanical resonator itself. Therefore, it presediamond’s unique material properties
(Young's modulus, low mass density, large thermal congiigtiand low thermoelastic dissipa-
tion) thus minimizing dissipations and resulting in degie@th large mechanical quality factors.
Of particular interest for QIST applications, dielectropétic actuation scheme maintains the in-
tegrity and stability of NV centers embedded within diamaashomechanical structures, that are
known to be sensitive to fabrication imperfections and aefterminationg?* Additionally, we
note that electrodes employed for actuation may also ddoblen-chip delivery of microwave
power to NV center. Therefore, we believe that dielectrophoreticatain is an ideal choice for
investigation of NV-mechanical coupling.

Our diamond cantilevers and doubly clamped beams are &bdwsing fabrication technique—
angled-etching—that we have recently develop&dich is shown in Figur@(a). Briefly, angled-
etching employs anisotropic oxygen plasma etching at algwblangle to the substrate surface,
yielding suspended triangular cross-section hanobearastlyi from single-crystal bulk diamond
substrates. Nanomechanical resonators fabricated bedwegithing are easily integrated with
dielectrophoretic actuation. The distance from the botégex of the suspended nanobeams to
the substrate was carefully minimized, since the smalicadrtlistance from on-chip electrodes
to the nanobeam is of utmost importance for efficient traosdan (Figurel(c) and (d)). Once
free-standing diamond nanobeams were fabricated, etisstnoere patterned on the diamond sub-
strate via a standard metal lift-off process. First, therdiad substrate was spin coated with a
polymethylmethacrylate-copolymer (MMA/PMMA) bilayergist, where the MMA copolymer
thickness was carefully chosen to be slightly thicker tHandistance between the nanobeam top
surface and the substrate. Conformal resist coating wasnadxs, without any complication due
to existing device geometry. After resist coating, expesand alignment were done via electron
beam lithography. 50 nm of titanium and 200 nm of gold layerenben evaporated and followed

by lift-off in remover PG to complete electrode patternifigure2(b) is a top-down view of dia-



mond nanobeam cantilever. It can be seen that good alignraartie achieved, with error on the
order of tens of nanometer — this is more than adequate fairezffiactuation. In fact, we note
that the slight misalignment is actually beneficial sinaanibles the actuation of in-plane motion,
as discussed below. Figuléc) shows an array of fabricated diamond doubly clamped ineaim
mechanical resonators that share driving electrodes. cméiguration allows us to characterize
in parallel large number of resonators having slightlyeatiéint geometry and hence different reso-
nance frequencies. Our nanomechanical resonators hadavige of widths (200 nm - 300 nm)
and lengths (lum - 20 um), corresponding to fundamental flexural resonance frecjae (from
Euler-Bernoulli beam theory) ranging from a few MHz to hugdls of MHz. Due to the nature of
angled-etching fabrication technique, width and thiclenglsnanobeam’s triangular cross-section
are correlated. The smallest cantilever that could be clteniaed (Figurel(a)) had a width of
300 nm and the length of gm, while the smallest doubly clamped nanobeam (Fiduiog) had a
width of 200 nm and the length of fm.

All experiments were performed at room temperature, ingidgcuum chamber at the pressure
below 10 Torr. Figure3(a) shows a schematic of the experimental setup, which igyhtls
modified version of that used previously for characterizimg Brownian motion of single-crystal
diamond nanobeam. Specifically, network analyzer was used instead of spectimatyzer in
order to obtain driven response of our devices (by sweepirgdtiving frequency around me-
chanical resonance), and a bias-tee was included to conildinbias with RF drive signal to
ensure proper actuation: since actuation force is prapmatito the square of applied voltage,
F O (Vpe + Ve coswt)2.29 DC bias is needed to provide force component at the driviegfency.

For the most of fabricated diamond nanobeams, both the faedtal out-of-plane and in-plane
modes were characterized. Resonant responses of funddmaeatf-plane motion of devices
shown in Figurel(a) and (b) are plotted in Figur& (b) and (c), respectively. Solid curves are
fitted to the raw data, with both figures showing the expectstmant responses in the linear
regime. The maximum resonant frequency of the out-of-ptande that we could measure using

our approach was40 MHz, in the case of im long doubly clamped nanobeam. The maximum



resonant frequency of the in-plane mode, measured in the dawices, was'50 MHz. To the best
of our knowledge, this is the highest actuation frequendeaiiral mechanical vibration achieved
by dielectrophoretic actuation to date. Unfortunatelygum current experiments, we were not able
to measure devices with resonances >50 MHz, due to the dietidl signal-to-noise ratio of our
measurements. Noise floor of our experiment was affectedht@e tdifferent instruments: shot
noise from laser source, dark current and thermal noise friootodetector and thermal noise from
the receiver, which can be either the network analyzer octsppm analyzer. Depending on the
settings of instruments, any of these three could be theifighfactor for the noise floor. Most of
our measurements, however, were limited by the shot nase fne laser source.

By further increasing the input RF power, and by using lordmirices having smaller spring
constant, the diamond nanomechanical structures couldieEndieep into the nonlinear regime
(Figured). We note that longer devices are “softer” and thereforeedefhore for the same applied
voltage, thus easily entering nonlinear regime. Typicallynlinearity in small scale mechanical
resonators can be phenomenologically modeled using Dudfjogtion:

d> Qpd

2t o g T AHBED) [ X(t) =

F(t)
Q dt m

1)
wherex(t),Qp, Q, F(t) andm are the beam displacement, the resonance frequency, niemhan
quality factor, external driving force and effective magsh® resonator, respectively. The cubic
term Bx3(t) in the equation, so called ‘Duffing nonlinearity’, determsnthe nonlinear behavior
of the resonator: whefi < 0 resonance tends to move to the lower frequency when ardelitu
increases, resulting in “softening”, that is lowering of gpring constant; the opposite is true when
B > 0 and spring “hardening” occurs. Figutéa) and (b) shows softening of the fundamental out-
of-plane and in-plane modes, respectively, fqui@ long diamond nanobeam cantilever. On the
other hand, spring hardening is observed in the case giridong doubly clamped diamond
nanobeam, for both out-of-plane and in-plane modes shoWigure4(c) and (d), respectively.

There are many physical origins that can give rise to mechanbnlinearities, including, but



are not limited to transduction effects, actuation schemaggerial properties, non-ideal boundary
conditions, damping mechanics and geometric/inertigot$> Based on our FEM simulations,
nonlinearity due to dielectrophoretic actuation can bedwut due to small deflection (on the order
of nanometer) of the resonator. Nonlinearity arising freamsduction on nonlinearity can also be
ruled out due to the relative small deflection compared tddker wavelength used. Geometrical
nonlinearity is the most common nonlinearity observed il and according to theory results
in a hardening effect® In contrast, inertial nonlinearity, another physical arigf nonlinearity,
always results in a softening behavidrBoth of these effects can be significant in our devices,
and their interplay determines the overall sign of the Dgfftonstant and overall softening or
hardening?®

We characterized two high aspect ratio (length/width > 2@titevers and found that they both
showed spring softening behavior for their first order oidplane and in-plane resonances. Based
on these results, we believe that the nonlinear behavigreed in diamond cantilevers is likely
due to inertial effects. We also studied ten high aspeat-daiubly clamped diamond nanobeams,
and we observed that the sign of the Duffing constants wadwaysa the same. While in all cases
fundamental out-of-plane modes of doubly clamped nanobedwowed spring hardening, the fun-
damental in-plane modes, however, showed both hardenthgaftening, without following any
particular trend. In fact, even beams of nearly the same gagran the same chip, revealed oppo-
site mechanical nonlinearites. We believe that theses lxitips are caused by residual stréss,
that was apparent in some high aspect ratio beams that wekkHdwp or down in post-fabrication
SEM images. The sign of the internal stress can cause diffgnees of nonlinearity: for compres-
sive stress spring softening occurs, while for tensilesstepring hardening occuf8.

Nonlinear behavior was further confirmed by hysteresis esiias shown in Figurg(a) and
(b), which are measured from fundamental out-of-plane aflane modes of 12m long doubly
clamped diamond nanobeam, respectively. This device wieydarly chosen among others as
a representative examples because of its prominent naniipethough, other devices gave the

hysteresis curves as expected. Further studies, outsdsctipe of the current manuscript, on



large number of diamond cantilevers are needed, howevenambiguously identify the physical
origin of nonlinearity in diamond cantilevers.

Our dielectrophoretic actuation scheme introduces artiaddi effective spring since the actu-
ation force has dependence on positi8rurthermore, since the force has a quadratic dependence
on applied voltage, the mechanical eigenfrequency is fervaith DC bias, and the amount of shift
in frequency has quadratic dependence on voltage. F&(apshows Brownian motion measured
with a spectrum analyzer as the applied DC bias was changed® V to +9 V. Bright spots of
each data column correspond to the Brownian motion res@nlacation. The solid black line is
a quadratic fit for applied DC bias and shows an excellent Imaith the theoretical prediction.
In the given range of applied DC bias, the mechanical resmmneould be tuned over roughly 260
full width at half maximum of the zero bias Brownian motionage We observe a blue shift of
resonance frequency because this motion is in-plane dbrand the effective spring has always
the same sign with the elastic spring. In the case of outlarigomodes, frequency tuning can be
either red or blue shifted, depending on the height of therbieam the driving electrode®’

Since the resonance frequency is easily parametricallgdumore than twice the linewidth,
parametric excitation is also expected. Criteria for amesor to be used for parametric actuation
is given in equation (2§2

of Q

iivm;”““'ﬂi>2 ()

wheref,V andQ are resonance frequency, amplitude of applied RF voltagethanical quality
factor, respectivelyfy is a resonance frequency without RF voltage input\dng represents the
maximum voltage that can be applied. Since the spring cohi&a function of position, it can
be modeled with Mathieu’s equation with a Duffing nonlingarEquation (1) may be modified to
include parametric tuning as shown below:

d?2 Qpd

F+6a+§23(1+o{+ﬁx2(t)—2rsinzzot) X(t)=0 3)

wherea is the detuning between the parametric excitation and thdamnental mod€)g, I



is proportional to the parametric excitation amplitteyhereas other parameters are defined the
same way as in equation (1). Right hand side of the equatjas ¢&ro, since there was no direct
driving at resonance frequency. When the resonator witbnéigquencyfo can be parametrically
excited, its excitation frequency can l%é? for any integem. In most of the cases, response
atn =1 is used since it is the strongest, although the submudtipfet has been observed in
experiment3! Mathieu’s equation with Duffing nonlinearity (3) can be aiti@ally solved and the
solution predicts its stability on a phase plane, axes ottiare detuning and driving amplitude.
Here, we show “instability tongué? when doubly clamped diamond nanobeam is parametrically
excited withn = 1. In Figure6 (b) the measured instability tongue is shown when nanobeam
was excited around the twice of its natural frequency of ME&. In this experiment, excitation
was done by RF signal generator and the response was measthiexpectrum analyzer, with
the amplitude of driven motion was calculated by simple aigmocessing. Parametric excitation
is particularly interesting for NEMS devices since it cancaimvent electric cross talk, which
can be detrimental for nanoscale systéhand can be used to realize a NEMS oscilldfcand
mechanical memory elemefft.Furthermore, parametric oscillators are of interest fochmagical
quality factor enhancementf,parametric amplificatiod? and noise squeezir.

In summary, we have realized a resonant actuator based lectdighoresis for single-crystal
diamond nanomechanical systems, thus successfully dérating single-crystal diamond NEMS.
Actuation of both cantilever and doubly clamped diamondofm&ams was achieved for both the
fundamental out-of-plane and in-plane vibrations. Digvirequency range spans from a few MHz
to nearly 50 MHz, though higher frequency actuation is etgub¢o be realized by improving
the signal-to-noise ratio of the optical interferometrisplacement detection, or moving to other
low-noise displacement read-out schemes. The dieleatregib actuation scheme employed is
expected to maintain the mechanical quality factor of theebdiamond device, and also to not
compromise the optical properties of integrated diamondraeznters.

Furthermore, our actuation scheme can efficiently driverteehanical resonance well into the

nonlinear regime, with reasonable RF power levels. Stuggimysical origins of mechanical non-



linearity in NEMS devices are active field of research, siilts infancy with many open questions
unanswered®38 To the best of our knowledge, we believe that our work is tret iemonstra-
tion of nonlinear mechanical response of single-crystiaind resonator. Single-crystal diamond
has a great potential as a nonlinear NEMS platform due tdtitshigh mechanical quality factor.
Recently, it has been shown that single-crystal diamondnasrs can have mechanical quality
factor over 300,008 or even over a millioA® at room temperature. In this regard, the capability
of our system to preserve high mechanical quality factorf igreat importance in the study and
application of nonlinear mechanics. Although pre-strdssi¢rides in general show the highest
quality factor in NEMS28 it is not suitable to study nonlinear mechanics becausesastibng
tensile stresg®

Lastly, our actuation scheme is capable of strong frequamrong simply by applying DC bias,
and leads to useful parametric excitation. Parametrid&xan is expected to be important in many
applications including NV center engineering, since actuation signals can be coehplédtered
out from desired NV center manipulation/read-out signals in frequency dom8&ingle-crystal
diamond actuation we developed here is expected to be a@ateva more sophisticated platform

for the control of NV~ center via nanoscale mechanics.
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Figure 1: SEM images of (a) gAm cantilever and (b) um doubly clamped beam. These rep-
resent the shortest devices that could be characterizeatt¢o (c) Finite element method (FEM)
simulation is used to calculate applied force to suspendedlmeam with a given geometry and
electrostatic environment. Color map stands for the veltagd the streamlines show correspond-
ing electric field. (d) Vertical force per unit length applieo the beam from (c) is plotted as a
function of beam width and height, in which applied voltag@® V was assumed. It can be seen
that force is maximized when height is small. In fact, theran optimal position that mazimizes
the force, since force goes to zero in the middle of two eteles due to the symmetry and it also
goes to zero at the far distance due to the lack of electrielal §iradient.

16



(a)

I HSQ
(ii) (iif) (iv)
s PMMA
e ) /, Gold

) (vi) (vii) (viif)

Figure 2: (a) Schematic illustration of angled-etchingafabrication of for suspended diamond
nanobeams and the following standard bi-layer MMA/PMMA qass for lift-off. Each step is
composed as the following: (i) Electron beam lithographysknia deposited, (ii) top-down reac-
tive ion etching of diamond is performed, followed by thé) @ngled-etching step and (iv) mask
removal. (v) New e-beam resist is deposited, and (vi) ededbeam lithography followed by (vii)
metal evaporation and (viii) lift-off are used to define ¢étedes. (b) High mag SEM image of
7 um cantilever shows that good alignment can be achieved,®oriier of tens of nanometers,
which allows for efficient actuation. (c) SEM image of devareay sharing electrodes.
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Figure 3: (a) Optical characterization setup. Fundamenmt&bf-plane resonant response of de-
vices shown in Figuré(a) and (b) are given in (b) and (c), respectively.
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Figure 4: When nanobeams are driven hard enough, theyat&row nonlinear behavior. Nonlin-
ear response of Bm long cantilever for its (a) out-of-plane and (b) in-planedas. Softening of
spring was observed for both types of modes. On the other, Is@nithg hardening was observed
in the case of strongly driven 1@m long doubly clamped diamond nanobeam both for its (c)
out-of-plane and (d) in-plane modes.
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Figure 5: Hysteresis curve of (a) hardening and (b) sofgeniiechanical nonlinearity measured
from 19 um long doubly clamped diamond nanobeam when frequency waptayp and down.
(a) and (b) are the fundamental out-of-plane and in-planga®aespectively.
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Figure 6: (a) Tuning of mechanical resonance using DC biagh ®Wpplying +9V, frequency
tuning range that can be achieved is approximately 260 loitbw. Quadratic nature of tuning can
be used to control the onset of parametric instability imteof RF power. (b) Typical tongue
shape of parametric instability was observed. Low respspsés inside the instability region are
attributed to data acquisition software problems.
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